We investigated the consequences of early malnutrition on milk production by dams and on body weight and structural lung growth of young rats using two models of protein restriction. Dams of the early restriction group were fed an 8% casein diet starting at parturition. Those of the delayed restriction group received a 12% casein diet from lactation d 8-14 and thereafter the 8% diet. After weaning, early restriction and delayed restriction group rats were maintained on low protein until d 49, then refed the control diet (18% casein) up to d 126. Milk was analyzed on d 12. Animals were killed at d 21, 49, and 126 for lung fixation in situ. In this report, we show that protein restriction lowered milk yield to 38% of normal. Milk lipid per gram of dry weight tended to be increased, whereas lactose and protein were significantly decreased. Pups from protein-restricted dams grew less and had lower lung volumes, effects being more serious at d 49. However, specific lung volumes (in milliliters per 100 g body weight) were constantly increased. This means that lung was either less affected than body mass or overdistended due to less connective tissue. After refeeding, both groups showed a remarkable catch-up in growth with restoration of the normal allometric relationship between lung volume and body weight. Thus, even after an early onset of protein restriction to total body, the lung is still capable to substantially recover from growth retardation. (Pediatr Res 37: 783-788, 1995) Abbreviations ER, early restriction in protein DR, delayed restriction in protein From experimental studies in animals, it is well documented that food deficiencies result in growth retardation along with functional alterations of the lung. Two recent publications have substantially reviewed the literature on the topic (1, 2). The majority of studies have concerned the rat because in this species the different processes of growth and development of the lung are well characterized (3-6). In this respect, critical transformations of the lung parenchyma in the postnatal period corresponding to the developmental steps of alveolization and microvascular maturation occur before the age of 3 wk. In normal conditions, the volume of the lung is largely determined by the dimension of the thoracic cage, which in turn depends allometrically on the body mass of the rat (7). Similarly, the quantitative parameters of the various components of the parenchyma are known to be related to lung volume (4). All of these lung parameters also vary with both the metabolic needs and the 0, demands of the organism (8) and the 0, in the ambient air (9).
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We investigated the consequences of early malnutrition on milk production by dams and on body weight and structural lung growth of young rats using two models of protein restriction. Dams of the early restriction group were fed an 8% casein diet starting at parturition. Those of the delayed restriction group received a 12% casein diet from lactation d 8-14 and thereafter the 8% diet. After weaning, early restriction and delayed restriction group rats were maintained on low protein until d 49, then refed the control diet (18% casein) up to d 126. Milk was analyzed on d 12. Animals were killed at d 21, 49, and 126 for lung fixation in situ. In this report, we show that protein restriction lowered milk yield to 38% of normal. Milk lipid per gram of dry weight tended to be increased, whereas lactose and protein were significantly decreased. Pups from protein-restricted dams grew less and had lower lung volumes, effects being more serious at d 49. However, specific lung volumes (in milliliters per 100 g body weight) were constantly increased. This means that lung was either less affected than body mass or overdistended due to less connective tissue. After refeeding, both groups showed a remarkable catch-up in growth with restoration of the normal allometric relationship between lung volume and body weight. Thus, even after an early onset of protein restriction to total body, the lung is still capable to substantially recover from growth retardation. (Pediatr Res 37: 783-788, 1995) Abbreviations ER, early restriction in protein DR, delayed restriction in protein From experimental studies in animals, it is well documented that food deficiencies result in growth retardation along with functional alterations of the lung. Two recent publications have substantially reviewed the literature on the topic (1, 2) . The majority of studies have concerned the rat because in this species the different processes of growth and development of the lung are well characterized (3) (4) (5) (6) . In this respect, critical transformations of the lung parenchyma in the postnatal period corresponding to the developmental steps of alveolization and microvascular maturation occur before the age of 3 wk. In normal conditions, the volume of the lung is largely determined by the dimension of the thoracic cage, which in turn depends allometrically on the body mass of the rat (7) . Similarly, the quantitative parameters of the various components of the parenchyma are known to be related to lung volume (4) . All of these lung parameters also vary with both the metabolic needs and the 0, demands of the organism (8) and the 0, in the ambient air (9 (10) showed that underfeeding suckling rats by litter enlargement throughout the lactation period resulted in decreased lung weight and lung DNA content at weaning; these findings persisted after a 16-wk period of normal feeding. Shorter durations of underfeeding or starvation (2-14 d) at various times in the neonatal period have also resulted in alteration of the rat lung growth as suggested by morphologic and biochemical changes (11-13). So far, no study investigating longer durations of controlled malnutrition starting during the neonatal period have dealt with the induced changes in the quantitative lung parameters and in their allometry.
Furthermore, although human malnutrition is not precisely defined and is not exactly reproducible in experimental animals, it is obvious that, in many areas of developing countries, low protein intake by lactating mothers and infants is one of the major causes of childhood nutritional disorders. Kwashiorkor, a widespread malnutrition syndrome among children younger than 4 y, is the typical picture of protein deficiency. In previous reports, one of us had shown from weight and DNA determinations that lung growth in the rat was more negatively affected by protein restriction starting during the neonatal period (14) than by that beginning after weaning (15). Moreover, the neonatally restricted rats had overdistensible lungs upon saline filling.
The present study was undertaken to provide further information on the consequences of protein restriction on the rat lung during early life and the effects of refeeding. The whole study comprised the determination of the lung volume with respect to body weight and the quantitative structural analysis of the lungs by means of morphometric techniques. In this first report, we present a set of results comprising nutritional observations in our model that was designed to resemble early protein energy deficiency in children. Hence, alterations in the lactational performance of dams and their effects on the growth of offspring were analyzed. Further, because malnutrition is accompanied by a reduction in basal metabolic rate, and hence in 0, consumption (16), we wondered also whether the allometric relationship between lung dimensions and body weight was affected. In the jointly published companion study (17) we discuss the structural and functional changes as determined by morphometric methods in the lungs of these same animals.
METHODS

Animals.
Timed pregnant SIVZ5O albino rats (first parity) were housed individually in wire-bottomed cages at constant room temperature and humidity. They were exposed to a 12-h light-dark cycle. Delivery always occurred between gestational d 21 and 22, and the day of birth was considered as postnatal d 1 or lactation d 1. At lactation d 2, litter size was standardized to eight pups (all males) for all groups. Weaning was carried out at lactation d 21, after which the rats were maintained in groups of four per cage. Body weight of the lactating mothers was determined at lactation d 2, 12, and 21. Individual body weights of the pups were measured for the first time at d 8 and thereafter twice a week until d 49, then once a week.
Diets. All groups had free access to a pelleted food (Kliba AG, Switzerland) and to water throughout the experiment. The protein content of the diets was either normal (18% casein) or restricted (12 or 8% casein). However, their caloric density was kept constant at 2.9 kcallg by adjusting the proportion of carbohydrates. Dams were randomly assigned to different dietary groups, and thereafter the pups were maintained on the same diets. The nutritional protocol comprised two test groups: an ER and a DR group. The ER group received an 8% casein diet from parturition (or birth) until d 49, and the DR one was fed a 12% casein diet from lactation d 8-14, and then given the 8% casein diet until d 49 (Fig. 1 ). Among the ER rats, two singular groups (derived from two different litters) differed so much in body weight from the ER population that they had to be considered separately on the basis of statistical considerations. One group on d 21 was much larger (large ER), whereas another on d 49 was much smaller (small ER). The three small ER rats originated from a litter of which five animals died within 48 h after weaning.
One of us had previously used the DR model to obtain biochemical and mechanical data (14, 18), and we wanted to assess the lung structural changes correlated with those experiments. At the time that approach had been applied to reflect the progressive onset of the nutritional deficiency in some human conditions (19) . diet (18% casein) that was given to a control group throughout the experiment.
Mother food intake and lactationalperformance. Inasmuch as solid food consumption by suckling pups occurs by the end of the second lactation week (20) , mothers' daily food intake and milk production and composition were estimated by midlactation. For these measurements, the DR group that had not yet experienced a long period of protein restriction at this point was not considered. We thus only had to compare the ER group with controls. The amount of food consumed by lactating dams was measured over a continuous period of 72 h (from d 9 to 12) and then divided by 3 to determine the daily food intake, hence that of calories and protein.
Milk yield was estimated in parallel groups by the method proposed by Grigor et al. (21) from the litter live weight gain between d 11 and 12 using the following formula: daily milk production = litter live weight gain + (0.08 X the total litter live weight). The constant term 0.08 compensates for the daily weight loss by litters due to urine, feces, and perspiration. Samples of milk were obtained from the stomach of pups suckled for 1 h after a 4-h period of mother withdrawal as described by Fellows and Rasmussen (22) . These samples were stored at -20°C until lyophilization and biochemical analyses were performed. Milk lactose was measured enzymatically after deproteinization by use of 0-galactosidase and P-galactose dehydrogenase (Boehringer-Mannheim Biochemicals, Indianapolis, IN) as described by Kurz and Wallenfels (23, 24) . The protein content was determined by the combustion method of Dumas (cited in Ref. 25 ) on an automatic protein analyzer, type NA 1500 (Carlo Erba). Milk total lipids were extracted following the modified method of Mojonnier (cited in Ref. 26) . Because it has been suggested that water content of the milk varies with the method of collection in underfed rats (22) , values of milk components were expressed as percents of dry milk. The caloric density was calculated using the values of 4 kcallg for proteins and lactose and 9 kcallg for lipids.
Lung processing. The lungs of three to six animals per group were fixed by intratracheal instillation using a standard procedure (4) . Briefly, the rats were anesthetized with a mixture of Vetranquil (acepromazinum, 0.06 mgI100 g body weight), Xylapan (xylazinum, 0.6 mg/100 g body weight), and Narketan (ketaminum, 6 mg/100 g body weight). After median laparatomy, the hemidiaphragms were punctured to induce lung collapse; then the trachea was cannulated and the lung inflated with 2.5% glutaraldehyde in 0.03 M potassium phosphate buffer at a constant pressure of 20 cm of water above the chest. After a brief stabilization of flow, the trachea was ligated; then the chest was opened by mid-thoracotomy, and the chest organs were excised en bloc and stored in the fixative for at least 24 h to allow for adequate tissue fixation before subsequent manipulations. Lung volume was determined by the submersion method (27) . For each animal we also calculated the specific lung volume as total lung volume per 100 g body weight.
Statistical analysis. Data are presented as means f-1 SEM of the group. For each set of data, a one-way analysis of variance was carried out. The difference between means was assessed by multiple comparison with the Student-NewmanKeul's test (cited in Ref. 28 ). Data of the singular large and small ER animals were only compared with those of the standard ER rats of same age by a t test. The significance level was set at p < 0.05 for the two-tailed tests.
RESULTS
Mothers' food consumption, lactational performance, and body weights. Mean daily food intake from lactation d 9 to 12 and milk production and composition at d 12 are shown in Table 1 . Feeding lactating dams with low protein diet resulted in a reduction of food intake (hence of calorie consumption) to 31% of that of control rats. This was already apparent within the first days of consumption of the low protein diet (results not shown). It followed that their consumption of protein was only 14% of normal. As a consequence, malnourished dams yielded 38% of the milk quantity produced by controls. Milk production per consumed calorie was similar between control and ER dams, whereas the latter yielded almost three times the normal amount of milk per consumed gram of protein. Biochemical analysis revealed that milk from malnourished rats tended to have a higher lipid content than that of controls ( p = 0.05). In the opposite, its concentration in lactose and in protein was lowered by 29 and 21%, respectively. The caloric density, however, was unaltered.
All dams tended to loose weight throughout the lactation period, with more pronounced effects in those restricted in protein. The greatest weight loss was observed in one ER dam with the heaviest offspring (large ER group) mentioned above (-38% versus -27.1 ? 4.0% for the three other dams).
Body weights and lung volumes of ofipring. Body weight curves for control and experimental animals are presented in Figure 2 . Lung volumes were significantly lowered in all malnourished rats when compared with age-matched controls (Fig. 3A) . However, as related to body weight, specific lung volumes were constantly increased under malnutrition (Fig. 3B) . The greatest value was found in ER rats (+28% above controls), whereas the increase was only 7% in the singular large ER group.
Findings at d 49. After weaning, some ER and DR rats were maintained on a low protein diet for a further 4 wk. During this period all rats gained weight, but weight gain of proteindeficient rats was less than half the control value ( Fig. 2A) . The lowest body weight was observed in the three small ER rats which reached only 61% of the value of the other ER rats (star in Fig. 2A) .
Continuation of protein restriction up to d 49 also resulted in a marked retardation in growth of the lung volumes (Fig. 3) . However, malnourished rats still exhibited higher specific lung volumes than controls. In comparison with the standard ER rats aged 49 d, small ER ones had a 21% lower absolute lung volume, whereas their specific lung volume was 39% higher. The macroscopic appearance of the lungs of malnourished animals was normal.
Findings after refeeding (d 126).
After adequate refeeding, previously malnourished rats had dramatically increased their body weight (Fig. 2B ). Refed DR rats had even gained 25% more weight than controls. The most striking changes had occurred at the end of the first week of refeeding where all experimental rats had more than doubled their previous weight. It resulted that DR rats had almost completely caught up in body weight, whereas ER rats still had a 28% lower body weight when compared with age-matched controls.
As indicated by lung volumes, refeeding had also led to a significant lung regrowth (Fig. 3A) , but the remaining difference from controls was still more evident in refed ER rats (-22%) than in refed DR ones (-8%). Both experimental groups, however, had completely normalized regarding the specific lung volumes.
DISCUSSION
by protein restriction beginning during the lactation period (14, 18). We report that isocaloric reduction of the protein content of the diet leads to a dramatic decrease in the food consumption of lactating rats. Therefore, despite a normal caloric density of the food, the nutritional state induced was one of proteinenergy deficiency. Low food consumption in rats given a low protein diet during lactation is a common finding (21, 29, 30 ). The causes of such a food intake depression are not fully understood. Recently, Friggens et al. (30) hypothesized that the low capacity of lactating rats to dispose of heat was the constraining factor of food intake. Furthermore, as a vicious circle, glucose shortage resulting from low food consumption and subsequent massive lipolysis may induce ketosis, which in turn depresses both appetite and milk production. In our study, the reduction in food intake observed within the first 3 d of protein restriction indicates a more rapid protein-dependent signal.
Upon malnutrition, the lactating rats had a significantly depressed milk yield. Both energy and protein restriction have been shown to reduce milk output in dams (21, (29) (30) (31) (32) (33) . In our experiment, although lack of protein was the primary deficit, milk production appeared more regulated by calories than by protein intake, as indicated by the similar milk yield per calorie consumed in control and ER groups (Table 1) . However, at a constant energy restriction, milk yield was negatively affected by the low protein content of the diet (33) . These findings point to the complex complementarity between protein and energy supplies in nutritional processes. Although less agreement on the subject exists in human observations, it seems that lactation is more compromised in areas where protein deficiency prevails (34) . Indirect support to this statement comes from increase in milk production and in baby weight gain after protein supplementation in poorly nourished lactating mothers (34) .
More controversial are the reported alterations in the milk composition under energy or protein deficiencies. Previous studies have reported that protein restriction in lactating rats resulted in an increased lipid content (31, 32) and a decreased protein content (32) . Warman and Rasmussen (33) have shown that food restriction by 50% of ad libitum intake during lactation resulted in higher concentrations of lipid and of protein, but in lower lactose content at d 14. However, Grigor et al. (21) did not find any difference in the major components of the rat milk after energy restriction (80, 60, or 40% of ad libitum food intake) or protein restriction (10 versus 20% casein) from lactation d 7 to 14. Similar discrepancies are observed in human studies (34) . These variations probably result from dissimilarities in timing and methods of milk sampling and milk analysis as well as in differences in nutritional protocols. In our study applying protein restriction at parturition, both lactose and milk protein content were significantly depressed. However, because of a trend to a higher lipid concentration, the caloric density of the milk was unaltered. Anyway, it seems evident that decreased milk quantity had by far a greater effect on the growth rate of offspring than did alteration in milk quality. In this respect, we suspect that the single large ER group did better because their mother produced This study provides additional information to the previous more milk at the cost of her body weight. Such a finding, even work of one of us on the alterations in lung parameters induced limited to a single dam, is consistent with some human obser-vations where many marginally nourished women can successfully achieve lactation at the expense of their health (35) .
To determine the lung dimensions, we measured the lung volumes after instillation of the fixative into the airways of deeply anesthetized animals with unopened chests. This procedure, more appropriate for histologic studies, has the advantage to reflect the in vivo configuration of the lung. As expected, growth of the lung volume was reduced under malnutrition. However, because of a persistently increased specific lung volume, it is clear that lung size and body mass were not affected in the same way. Two possible mechanisms could have been involved in the disruption of the allometric relationship between lung volume and body weight.
First, malnutrition could have more negatively affected accumulation of less essential tissues like fat and skeletal muscles at the benefit of more vital organs. This assumption could be supported by our finding that speciJic lung volume was higher in animals more severely affected by malnutrition (e.g. variations among ER rats). In a previous study using the DR model, however, no increase in the specific lung weight or lung DNA in support of this preservation hypothesis was found (14). Therefore an alternative explanation could be that, subsequently to protein restriction, the terminal air spaces of the lung were overdistended in an emphysematous manner. Increased distensibility of malnourished rat lungs upon saline filling has been demonstrated in a DR model (14) and in many other conditions of food restriction (36) (37) (38) (39) (40) .
One of the problems in assessing the allometry between lung size and body weight under malnutrition resides in the use of different approaches to measure lung size (wet or dry weight, maximal inflation volume, or submersion volume of the fixed lung). In 14-d-old rat pups that had been starved on d 1 and 5, Das (12) reported an increased specific lung weight comparatively to age-matched controls. In adult rats subjected to severe nutritional depletion (30-40% loss of their initial body weight), the most commonly reported pattern is an increase in the specific values of lung weights and of lung volumes (36, 38, 39) . These findings have been related to the loss in tissue recoil with a dilatation of the air spaces (36) and to a higher tissue depletion in the whole organism than in the lung (39) . It is interesting to notice that adult rats given two thirds of the normal amount of food for 6 wk, in a manner to keep body weight constant, had unchanged specific lung weight and lung volume (39) . Similarly, in weanling rats fed an 8% casein diet for 4 wk and in which final body weight was only decreased by lo%, both absolute and specific lung volumes were unaltered, although lung collagen and elastin concentrations were decreased (40) . Because in some models the use of severe procedures involved, the time of onset, and the severity of malnutrition.
After 11 wk of refeeding with control diet, previously malnourished rats showed a significant increase in body weights and lung volumes. The relative gain was even greater than in control animals. Although regrowth was not fully achieved in all rats at the end of the refeeding period, it is noteworthy that the normal allometric equilibrium between lung volume and body size was restored. Failure to catch up completely for absolute lung volume, particularly in refed ER rats, is in accordance with low lung weight and lung DNA content in rats underfed during lactation and refed for 16 wk (10) . In contrast, Lechner (42) reported that neonatally starved guinea pigs had completely recovered for lung volume after only 3 wk of subsequent refeeding. Guinea pigs, however, have more mature lungs at birth than rats (43) .
Malnutrition starting in the neonatal period severely impairs lung growth, but to an apparently lesser degree than it does body weight. Refeeding brings about a dramatic catch-up in both body weight and lung volume and also restores the deviation from normal allometric relationship. The morphometric analysis presented in the companion study (17) adds further information as to structural and functional implications of these findings.
